The present study evaluated aboveground pruning biomass production in a naturally regenerated fallow (NF), and in monoculture with a leguminous species (CF), and a non-leguminous species (TF) on an Andosol in Costa Rica. The effect of pruning biomass removal or addition on bean grain yield and soil P fractions was also evaluated. Biomass production and nutrient input was significantly greater (p>0.05) in the TF treatment. Macronutrient content of the pruned biomass was not significantly different (p>0.05) between treatments, but C/N and C/P ratios were significantly lower (p>0.05) in the CF treatment. Bean grain yields were significantly greater (p>0.05) only when TF biomass was added to the soil as mulch. There was no significant difference (p>0.05) in the amount of P in the labile and potentially labile fractions between treatments, and the inter-conversion mechanisms between non-labile soil P and labile fractions occurred in diverse directions, not necessarily following the inverse strength sequence of the Hedley P fractionation procedure.
Introduction
Soil phosphorus (P) deficiency is widespread in tropical agroecosystems, and is one of the largest constraints to food security. This is largely due to naturally low soil P stocks and the high fixation of this nutrient by iron and aluminium oxides (Zhongqi, Griffin, and Honeycutt, 2004) . As a result, P is relatively immobile in the soil leading to a low availability for plant uptake (Oberson, Pypers, Bünemann, and Frossard, 2011) . Tiessen, Stewart, and Cole (1984) suggested that in tropical agroecosystems, only 1% of the organic P pool is mineralized and available for plant uptake.
Current strategies to cope with low soil P availability include the use of biotechnology to help develop more efficient crop genotypes (Henry, Chaves, Kleinman, and Lynch, 2010) , or through the addition of mineral fertilizer or animal manure (Opala, Okalebo, Othieno, and Kisinyo, 2010) . However, modern crop genotypes and soil amendments such as manure or fertilizers are often not available, are difficult to access or are not economically feasible for the rural poor (Kwabia, Stoskopf, Palm, and Voroney, 2003; Opala et al., 2010) . As such, agroecosystem management practices that help to maintain adequate levels of soil P for the continual and sustainable production of crops in tropical agroecosystems are needed (Zhongqi et al., 2004) .
Management practices including improved fallow, where natural vegetation is intentionally replaced by planted leguminous or non-leguminous species high in nitrogen (N) and P, may help to replenish soil nutrients removed by growing crops and thereby help to maintain or increase crop yields (Kass and Somarriba, 1999; Partey, Quashie-Sam, Thevathasan, and Gordon, 2011) , and may also be a more economical approach to increase soil fertility (Nziguheba, Palm, Buresch, and Smithson, 1998) . As such, fallows may restore levels of soil organic matter and nutrients over the long-term and help improve crop grain yield over the short-term. This is because improved fallow systems have the ability to alleviate soil N deficiencies through biological N 2 -fixation and can also increase the availability of soil P (Muchane, Jama, Otheino, Okalebo, Odee, Machua, and Jansa, 2010) . However, Palm, Myers, and Nandwa (1997) suggested that organic inputs typically provide an insufficient amount of P for crop growth because of relatively low concentrations of this nutrient in plant tissue, but can help to increase soil P availability. Cong and Merckx (2005) suggested that a higher soil P availability may due to an increase in soil pH leading to the solubility of phosphate sources. They also suggested that organic inputs may lead to a decrease in extractable aluminium resulting in a reduction in the fixation of added P; an increase in macro-aggregation and reduced specific surface area and porosity leading to fewer P sorption sites; and an increase in negative charges at the soil surface leading to a net increase in the repulsive force for P (Cong and Merckx, 2005) .
The Mexican sunflower [Tithonia diversifolia (Hemsl.) Gray] may be one plant species suitable for improved fallow systems and to help improve soil fertility and crop productivity due to its relatively high foliar nutrient content (Jama, Palm, Buresch, Niang, Gachengo, Nziguheba, and Amadalo, 2000; Muchane et al., 2010; Partey et al., 2011) . For example, foliar analysis of T. diversifolia green biomass showed a greater concentration of all macronutrients compared to leguminous species commonly used as mulch or green manure in tropical Africa (Jama et al., 2000) . Jama et al. (2000) also found that the application of T. diversifolia shoot biomass to a P deficient soil enhanced the soil microbial activity and microbial biomass, and increased soil P availability for plant uptake and crop grain yield. In Ghana, Partey et al. (2011) observed that T. diversifolia leaves had the greatest rate of decomposition and nutrient release rates when compared to four leguminous species (Senna spectabilis (DC.) H.Irwin & Barneby, Gliricidia sepium (Jacq.)Walp., Laucaena leucacephala (Lam.)De Wit, and Acadia auriculiformis Benth.).
To date, the majority of studies on T. diversifolia and its potential to improve soil P availability for plant uptake have taken place in tropical Africa (Nziguheba et al., 1998; Gachengo, Palm, Jama and Othieno, 1999; Jama et al., 2000; Nziguheba, Merckx, Palm, and Mutuo, 2002; Opala et al., 2010; Partey et al., 2011) , but less information is available from tropical Latin America (Phiri, Barrios, Rao, and Singh, 2001; Barrios, Cobo, Rao, Thomas, Amezquita, Jimenez, and Rondon, 2005; Basamba, Varrios, Singh, and Rao, 2008) , where similar constraints of soil P availability exist. The objectives of this study were to evaluate aboveground biomass production in a naturally regenerated fallow, and in short fallows in monoculture with a leguminous species (Cajanus cajan (L.) Millsp.) and a non-leguminous species (T. diversifolia) on a Costa Rican Andosol. The effect of pruning biomass removal or addition from each of the fallow species on different soil P fractions and on the grain yield of two different Phaseolus vulgaris (L.) cultivars was also evaluated.
Materials and Methods

Study Site
The research site was located in San Juan Sur (9º53'N, 83º38'W), Costa Rica. The average annual precipitation was 2,679 mm and the mean annual temperature was 21.8°C. The site was located 950 m above sea level. The soil was classified as an Andosol (International Soil Reference and Information Centre, 1994) , with a clay loam to clay texture, and a reddish-brown color. The soil structure and bulk density (0.68 Mg m -3 ) allowed for good internal drainage in the upper 20 cm of the soil profile. Prior to initiating our study, the soil was characterized (0-20 cm), with a pH (water) of 4.9; exchangeable acidity of 1.35 cmol + l -1 ; and a low base status (0.39 cmol
). Values of exchangeable cations (cmol c + l -1 ) ranged from 0.19 [calcium (Ca)], 0.13 [magnesium (Mg)] to 0.07 (K), with a P retention of 96.5% and availability of 3.5 mg l -1 . The study site was surrounded by a very humid pre-montane (bvh-P) native tropical forest (Holdridge, 1987) and extensive agricultural production with beans (P. vulgaris), maize (Zea mays L.) and coffee (Coffea Arabica L).
Prior to initiating the field experiment, the site was ploughed three times in order to manage weeds and to accelerate the decomposition of naturally occurring vegetation. Preceding cultivation, the site was dominated by natural fallow vegetation and was not fertilized for two years. The experimental design was a randomized complete block design (RCBD) with three treatments: natural fallow (NF), an improved monoculture fallow with the leguminous species C. cajun (CF), and an improved monoculture fallow with the non-leguminous T. diversifolia (TF). Each treatment was replicated four times, and each treatment plot size was 5 m x 6 m. The NF was composed of existing pastures with a mixture of locally grown fallow species including leguminous and non-leguminous species and was the experimental control site (Mustonen, 2005) . Improved monoculture fallow species were planted at a density of 60,000 plants ha -1 (0.30 m between plants and 0.4 m between rows) to ensure the soil under the rows was permeated by roots. Cajanus cajan was sown directly into the soil using two seeds per planting hole, whereas 20 cm long T. diversifolia stakes were planted. The two improved fallow monoculture species were chosen because of their ability to increase levels of soil P and/or their ability to increase P availability for plant uptake (Adetunji and Okeleye, 2001; Aguiar, 2001 ).
Fallow Species Biomass and Grain Yield
Plant biomass from aboveground components of the fallow vegetation in each treatment was determined after 24 weeks of growth between July 2001 and August 2002. Within each treatment replication, the entire biomass was cut above the soil and its fresh weight was determined. For each treatment replication, a 500 g subsample representative of the different aboveground fresh biomass components (leaves, branches) was oven-dried at 60°C for 60 h to determine biomass dry weight. Dried biomass samples were ground to 1 mm using a Wiley ® Mill (Thomas Model 4 Wiley ® Mill, Thomas Scientific, Swedesboro, NJ), and analyzed for N (semi-micro Kjeldahl), P, K, Ca and Mg (wet digestion using 5:1 nitric-perchloric acid) (Sparks, 1996) . Nutrient concentrations were expressed in mg g -1 of dry weight. Biomass carbon (C) was estimated using a mean value of 44.78% (Cobo, Barrios, Kass, and Thomas, 2002) .
Following biomass pruning in week 24, each treatment plot was split into four subplots (2.5 m x 3 m). Two of the four subplots were randomly selected for pruning biomass removal while the prunings remained on the soil surface as mulch in the other two randomly selected subplots. At this time two randomly selected subplots were seeded with two different P. vulgaris cultivars: Chirripo Rojo and Negro Huasteco. Each bean cultivar was seeded into a subplot with and without prunings. During the 90-day bean growing phase the plots were weeded manually and fallow species were pruned three times to minimize light competition with the growing crop. The pruned biomass was removed off-site. Bean grain yield was determined at crop maturity by harvesting only the pods and crop residues were left on site.
Soil Sampling
Soil was sampled in each treatment after 1, 18 and 23 weeks of fallow growth between July 2001 and August 2002. Four randomly selected locations, within each treatment replication and at each sampling week were used for sampling soil at 0-12 cm and 12-24 cm depths; using a soil corer with an inner diameter of 2.5 cm. The extracted soil was air-dried and sieved (2 mm). Soil P concentrations were determined according to the Hedley fractionation procedure (Hedley, Stewart, and Chauhan, 1982) and subsequently analyzed using a UV-Vis spectrophotometer (Thermospectronic, Helios Alfha, Cambridge, UK). A total of seven P fractions were determined and grouped in four categories (Nwoke, Vanlauwe, Diels, Sanginga, Osombi, and Merckx, 2003): 1) P in the soil solution (Pi); 2) labile P (NaHCO 3 -Pi and NaHCO 3 -Po); 3) potentially labile P (NaOH-Pi and NaOH-Po); and 4) occluded P (HCl-Pi and Residual-P).
Statistical Analysis
All data were examined for homogeneity of variance and found to have normal distributions. Main effects were evaluated by analysis of variance (ANOVA) to quantify differences in aboveground biomass and nutrient content between NF, CF, and TF treatments using the general linear model procedure (GLMs) in SAS (SAS, 1999) . To further compare differences between means, Duncan's multiple range test was used. Multivariate analysis (MANOVA) using Wilks' Lambda test was used to understand the differences and interactions between the soil P fractions because the data included simultaneous measurements on several soil P fractions at different sampling times (Steel, Torrie, and Dikey, 1997) . For all statistical analyses the threshold of probability level for determining significant differences was p<0.05.
Results
Fallow Species Biomass and Grain Yield
Aboveground biomass production, measured 24 weeks after planting, was significantly different between the fallow treatments (Fig. 1 ). The TF treatment had a significantly greater biomass production compared to the CF and NF treatments. Foliar nutrient concentrations (N, P, K, Mg, and Ca) at week 24 were not significantly different between the fallow treatments (Table 1) . However, nutrient input (g m -2 ) was significantly different between fallow treatments, where the TF treatment had the greatest input (Table 1 ). The C/N and C/P ratios also differed significantly between treatments with the greatest value occurring in the NF treatment followed by the TF and CF treatments (Table 1) .
When comparing grain yield between fallow treatments for either bean cultivar and with pruned biomass removed, there were no significant differences (Table 2) . However, the grain yield was significantly greater in the TF treatment without pruning biomass removal for the Chirripo Rojo cultivar. When comparing grain yield between bean cultivars within fallow and pruning treatments, there was no significant difference. When evaluating the mean difference for all three fallow treatments with respect to bean grain yield and pruning biomass removal or retention, there was an overall increase of 18.1% (0.15 Mg ha ) Negro Hueastco. Interaction effects of the bean cultivars with respect to pruning biomass removal or retention were not significant.
Soil Phosphorus
At each sampling time, all soil P fractions were significantly greater at a 0-12 cm depth compared to that at 12-24 cm (Table 3) . After the 23 week experimental period (0-12 cm), approximately 6.3, 6.2 and 6.1% of the total soil P was held in the labile fraction in the NF, CF and TF treatments respectively. Comparatively, 53% (CF and TF) and 51% (NF) of the total soil P was held in the potentially labile fraction. At a sampling depth of 12-24 cm, 5.8, 5.4 and 5.3% of the total soil P was held in the labile fraction for the TF, NF and CF treatments respectively whereas 49% of the total soil P was held in the potentially labile fraction in all fallow treatments (Table 3 ).
The labile P fraction (0-12 cm) decreased with time (weeks 1, 18 and 23) in all three treatments, whereas the potentially labile P fraction showed no such trend (Fig. 2) . Additionally, the labile P fraction was significantly greater in the NF treatment compared to the CF and TF treatments in week 1 and 23, but was similar between the three treatments in week 18. The potentially labile P fraction (0-12 cm) was not significantly different between treatments at any of the sampling times.
In each treatment, the residual-P and potentially labile P fractions were significantly greater compared to the labile, occluded, and soil solution fractions (Table 3) . Over the 23 week experiment, the inorganic P (Pi) concentration in the soil solution at a 0-12 cm depth was 1 mg P kg -1 , whereas that at a 12-24 cm depth was 0.2 mg P kg -1 . When the amount of P in the soil solution (Pi) was expressed as a mean value over the 23 week experimental period comparing the different fallow treatments, results showed that the T. diversifolia fallow (TF) was significantly greater compared to the other treatments following a sequence of TF≈CF>NF. Differences between fallow treatments for the residual-P fraction followed a sequence of NF>TF≈CF, and that for NaHCO 3 -Po was NF>CF≈TF. No significant differences between treatments were observed for the NaHCO 3 -Pi, NaOH-Pi and NaOH-Po fractions. All P-fractions increased significantly with length of the fallow period, showing the greatest accumulation of soil P at week 23 (Table 3) .
When expressing the P-fractions as a mean value of the 23 week experimental period at a depth of 12-24 cm, no significant differences were observed between the NF, CF and TF treatments for the different P-fractions. Only the Residual-P fraction was significantly greater in the NF and TF treatments at this soil depth. At this soil depth there was no clear trend with time and only the residual-P, labile, occluded and the potentially labile inorganic (NaOH-Pi) P fractions showed significant increases with the length of the fallow period (Table 3) .
Discussion
Fallow Species Biomass and Grain Yield
Biomass production of the three different fallow treatments was similar compared to that of other studies (Rao and Gill, 1995; Jama et al., 2000; Oke, 2005; Rao and Northrup, 2009; Sao, Mui, and Binh, 2010) . Despite the P limitation of the San Juan Sur soils, biomass production of the improved fallow treatments in monoculture with C. cajun (CF) or T. diversifolia (TF) were greater than that of the natural fallow (NF). The higher biomass production in the improved fallow with C. cajun compared to the NF was likely due the greater plant density of the N 2 -fixing C. cajun (Young, 2002) . In Colombia, Barrios et al. (2005) found that all planted fallow systems in their study produced greater biomass than the natural fallow; and the fallow with T. diversifolia produced the greatest biomass (1640 g m -2 y -1 ). The 51% greater aboveground biomass production in the TF treatment compared to that of the CF was likely due to a more efficient use of soil resources by the growing T. diversifolia plants and/or due to a different mechanism of soil nutrient acquisition. Mustonen (2005) found a greater root length and density in T. diversifolia compared to C. cajun when planted at 60,000 trees ha -1 ; and suggested that this may result in an increased capacity of T. diversifolia to maximize nutrient acquisition. Garrity and Mercado (1994) suggested that T. diversifolia may have a superior ability to pump nutrients from large volumes of soil compared to other commonly used fallow species. Sharrock, Sinclair, Gliddon, Rao, Barios, Mustonen, Smithson, Jones, and Goldbold (2004) found that T. diversifolia roots are associated with mycorrhizal fungi of the Glomaceae family, which are capable of high nutrient uptake even in nutrient depleted soils.
In agroecsystems where the major source of soil nutrients is derived from the input of plant biomass, the pruned biomass should meet a minimum concentration level for N and P to ensure mineralization and availability for plant uptake (Palm et al., 1997) . These minimum concentrations range from 18 to 22 mg N g -1 for N (Palm et al., 1997 ) and 3 to 5 mg P g -1 for P (Marschner, 1995) . Results from the present study showed that macronutrient concentrations in the aboveground biomass in each treatment were similar to those of other studies (Gachengo et al., 1999; Jama et al., 2000; Phiri et al., 2001; Salako and Tian, 2001; Opala et al., 2010; Sao et al., 2010) and were sufficient for N, but not for P. Although P concentrations in aboveground biomass were below the minimum level for mineralization, the high biomass production of T. diversifolia resulted in an input of 1.8 g P m -2 to the soil, which was 67% and 44% greater than that of the NF and CF treatments respectively. Young (2002) found that up to 1.5 g P m -2 can be returned to the soil from the input of pruning biomass from planted fallows; which will positively influence maize and bean yields (Araujo and Okaleye, 1997) . For example, Kwabiah et al. (2003) found that the addition of 500 g m -2 (dry weight) T. diversifolia biomass led to an input of 1.5 g P m -2 to the soil. Slaats, van Heiden, Stockmann, and Wessel (1996) and Herrera (1997) also suggested that T. diversifolia, similar to other plants of the Asteraceae family, have the ability to attain a maximum biomass and nutrient accumulation during the first three to five years of growth.
A C/N ratio below 20 in the CF treatment suggested that the equilibrium between mineralization and immobilization during decomposition may shift in favour of net mineralization (Constantinides and Fownes, 1994) . A C/N ratio greater than 20, suggested that immobilization may be induced temporarily as a result of applying prunings in the NF and TF treatments. Biomass produced from fast-growing, N 2 -fixing species such as C. cajun, typically have a lower C/N ratio compared to non-N 2 -fixing species such as T. diversifolia, but all fallow treatments fell outside the threshold value of 200:1 for initial net P mineralization (Kwabia et al., 2003) . Young (2002) suggested that in fallow systems, mineralization-immobilization is time-dependent, implying that the synchronization between pruning biomass application and crop seeding is critical in order to maximize crop productivity. Cobo et al. (2002) found that the immobilization of P of decomposing organic matter below the critical value occurred only during the first two weeks of decay. Gachengo et al. (1999) observed that after three weeks of decomposition approximately 80% of the N and P had been released from T. diversofolia leaves, and 40% from Senna spectabilis (DC.) H. Irwin & Barneby leaves. In Ghana, Partey et al. (2011) found that T. diversifolia had the highest percentage of decomposition and nutrient release rates compared to leguminous species. A potentially higher release of nutrients from pruning biomass in addition to the greater quantity of pruning biomass and nutrient input in the present study likely contributed to the elevated bean yield in the TF treatment where T. diversofilia prunings were not removed.
Soil Phosphorus Fractions
As expected, the concentrations of the different P fractions decreased with soil depth and were greatest in the top 12 cm. Soil P was not influenced by either natural or improved fallow treatments over the 23-week fallow phase. None of the fallow treatments were able to optimize P cycling by re-allocation of this nutrient from potentially labile and occluded fractions to P in the labile fraction and in the soil solution. Our results suggested that the influence of the different fallow treatments resulted in the inter-conversion of P between non-labile and labile fractions. On a Colombian Andosol, Basamba et al. (2008) also found no significant increase in soil N and P fractions as a result of the addition of T. diversifolia prunings. They suggested that both of these nutrients were likely immobilized. Satterlee, Yemefack, and Orr (2009) evaluated the effect of adding Entada abyssinica (Steud. Ex A. Rich.) cuttings on soil properties in Cameroon, and found no significant increase in total N, available P, Ca or Na at a soil depth of 0-20 cm. Deery, Voroney, and Briceño (2005) also observed that the different soil P fractions were not redistributed in a frijol tapado system in Costa Rica after nine months of fallow. However, when fallow periods extended over the long-term (> 1 year), some effects on soil P fractions were observed, suggesting that longer fallow periods may provide sufficient time for the inter-conversion of the different soil P fractions. For example, on a Colombian volcanic-ash soil, Phiri et al. (2001) found that after more than one year of fallow with T. diversifolia, soil P fractions significantly increased as a result of changes in available P. In the southern USA, Matta-Machado and Jordan (1995) found that after three years of alley cropping, Albizia julibrissin Durazz was more efficient in tapping unavailable forms of soil P and achieved a higher P stock compared to an annual legume-based sole cropping system. In Nigeria, Adediran, Akande, Banjoko, Oluwatossin and Taiwo (2001) observed that after three years of fallow with C. cajun, levels of soil organic matter and fertility increased three fold.
Changes in the labile P fractions were more readily observed over the 23-week fallow period in all three treatments compared to that of the potentially labile P (Fig. 2) . This may be due to the depletion of P in the soil solution by roots of the growing vegetation, which is replenished in the solid phase via desorption (Jungk, Seeling, and Gerke, 1993) . Additionally, there may be a rapid movement of P from the labile fraction to the soil solution (Jungk et al., 1993) . In Andosols, phosphates that are released to the soil solution during organic matter mineralization tend to quickly convert P into more stable, but less labile, soil P fractions by Fe and Al oxides, allophane and recalcitrant organic matter (Zhongqi et al., 2004) . Opala et al. (2010) also suggested that complexation and competition for sorption sites by the products of decomposing organic matter may occur. This results in a tight and conservative system in which P is cycled slowly and in small quantities (Smith, 2002) . as much as agroecosystem management practices. Zhongqi et al. (2004) also suggested that soil chemical properties play a major role in controlling P dynamics and the mechanisms of inter-conversion between the different fractions. For example, the NaOH-P o constituted the largest fraction of potentially labile P in the soil in our study and that of other studies (Opala et al., 2010) . This P fraction was shown to be an important source of P in low input biomass transfer systems (Beck and Sanchez, 1994) , and the mineralization of this pool was likely responsible for providing P to the growing crop in the present study (Opala et al., 2010) . However, significant increases in this fraction were only observed after 8-years of bush fallow (Tiessen, Alebo, and Sampaio, 1992) . This suggested that in order to provide a significant source of P for crops, the continual and long-term input of large quantities of organic materials from the prunings of fallow species, including T. diversifolia are necessary. Basamba et al. (2008), and Mweta, Akinnifesi, Saka, Makumba, and Chokocho (2007) suggested that the addition of prunings from legumes in combination with inorganic P fertilizers, especially in short-term and low input systems, may result in a reduced P sorption capacity of the soil and foster increased P uptake by the growing crop.
Conclusions
Results from the present study showed that high density plantings of leguminous and non-leguminous species in improved fallow systems contributed to a greater biomass production and greater input of nutrients to the soil than a natural fallow. Tithonia diversifolia had the greatest biomass production, which was likely due to its superior ability to exploit soil nutrients. The greater input of pruning biomass in the improved fallow with T. diversifolia compared to that of the natural fallow or the improved fallow with C. cajun also influenced bean grain yield positively. However, results from our study did not show a significant inter-conversion of soil P between the non-labile and labile fractions over the short term (< 1 year), as a result of the low P concentrations in the slashed biomass and the high soil P-sorption capacity. Future studies should focus on increasing P availability in these soil types through a longer fallow period and/or the addition of soil amendments such as manure and/or calcium carbonate. Soil amendments such as poultry manure and calcium carbonate may play a critical role in removing the most limiting soil chemical factors in weathered Andosols.
Cobo, J.G., Barrios Values followed by the same uppercase letter, comparing nutrient concentrations, stocks and ratios between treatments are not significantly different at p<0.05. 
